We propose and experimentally demonstrate a novel cost-effective and distributed in-band optical signal-to-noise ratio (OSNR) monitoring method using a widely tunable optical bandpass filter and optical power measurements, which employs the Gaussian process regression and is proved to be insensitive to fiber nonlinearity, chromatic dispersion, and optical amplifier type. This method is verified in a 9-channel 10 Gbaud NRZ-QPSK coherent optical transmission system with 50-GHz channel intervals. When there are no add-drop filters or wavelength selective switches in the transmission link, the maximum OSNR deviation, the root-mean-squared error (RMSE), and the mean absolute error (MAE) are less than 0.21 dB, 0.041 dB, and 0.021 dB, respectively, in the OSNR range of 1-29 dB. Instead, when there exist the above optical filtering elements in the transmission link, the maximum OSNR deviation, the RSME, and the MAE are less than 0.24 dB, 0.041 dB, and 0.021 dB, respectively, in the OSNR range of 4-31 dB. Besides, the OSNR monitor based on the novel method can eliminate the necessity to know the transmission information and is more convenient to use because no calibration is required.
Introduction
With the explosive growth of bandwidth demand induced by global IP traffic, dense wavelength division multiplexing (DWDM) and advanced optical modulation formats have been widely studied to expand transmission capacity and improve spectrum efficiency [1] . Furthermore, the advent of the re-configurable optical add-drop multiplexer (ROADM) also has introduced optical systems flexibility and dynamicity [2] . In such systems, optical performance monitoring (OPM) is indispensable because it can provide optimum resource utilization, fault location, and damage repair. Fortunately, since the linear impairments such as chromatic dispersion (CD) can be compensated efficiently by digital signal processing (DSP) algorithms in digital coherent receivers, the transmission performance is primarily determined by the optical signal to noise ratio (OSNR) [3] . Therefore, OSNR monitoring is critical to ensure the transmission performance and should be placed ubiquitously across the transmission link including the intermediate nodes. Considering practical situations, long-haul optical transmission systems contain several standard signal-mode fiber (SSMF) spans that employ the variable length from 80-100 km and are compensated by optical amplifiers [4] . Thereupon, OSNR monitoring for individual SSMF span at the intermediate nodes is essential.
However, traditional standardized out-band OSNR monitoring method is no longer accurate for DWDM systems with ultra-narrow channel spacing or dynamic optical networks with ROADM. In these scenarios, since the out-of-band noise may be highly suppressed, its spectrum is no longer flat. Therefore, it is not adequate for estimating the in-band noise by utilizing linear interpolation. To solve this problem, many methods have been reported to monitor the in-band OSNR. These methods can be categorized into two main types. The first type can be typically enabled at the destination node by digital coherent receivers, such as amplitude histograms [5] , statistical moments [6] , error vector magnitude (EVM) [7] , Stokes parameters [8] , amplitude noise correlation [9] and data-aided [10] - [12] based methods. While the second type can be typically enabled at the intermediate nodes by using some additional devices, such as polarization nulling [13] , optical delay interferometer [14] , offset filtering and optical power measurement [15] , reference optical spectrum [16] - [19] and asynchronous delay-tap plots (ADTPs) [20] based methods. In general, an OSNR monitor should be cost-effective, reliable, robust, and distributed across the transmission link for obtaining link-level information. For the first type of methods, it will be too costly and impractical to be widely deployed due to the high sampling rate and expensive hardware. Thereupon, the second type of methods are the prime choices when the transmission information is unknown and the cost is a significant constraint.
Recently, machine learning methods become a rapidly growing research hotspot and have also been employed for in-band OSNR monitoring for optical communication systems. These methods include artificial neural networks (ANN) [21] , deep neural networks (DNN) [5] , convolutional neural networks (CNN) [22] and principal component analysis (PCA) [20] . Gaussian process regression (GPR) is a novel machine learning method developed in recent years, which is based on Bayesian theory and rigorous statistical learning theory. It is particularly suitable for dealing with complex problems with high dimensionality, few data, and nonlinear characteristics. It also has the advantages of easy implementation, hyper-parametric adaptive acquisition, flexible non-parametric inference, and the probabilistic interpretation of the predicted output. Lately, several GPR methods have been applied in function-agnostic channel performance prediction for DWDM systems [23] - [24] .
In this paper, we propose a cost-effective and distributed in-band OSNR monitoring method using a widely tunable optical bandpass filter (OBPF) and optical power measurements based on GPR. In [15] , the monitoring accuracy depends on the bandwidth of the tunable OBPF and a several GHz bandwidth is desirable to improve the monitoring accuracy. However, the very narrow tunable OBPF is expensive and not commercially available up to now. In [16] and [17] , the monitoring accuracy depends on the offset frequencies and the bandwidth of the electrical low pass filter, and then the offset frequencies are desirable to set closer to the edge of the signal spectrum. However, these two methods only utilize the information of the single-sideband optical spectrum, and many parameters need to be calibrated to guarantee good monitoring accuracy. In our method, the hardware configuration includes a commercially available widely tunable OBPF with a super-Gaussian shape having 3 dB bandwidth of 0.2 nm and a wavelength resolution of 0.02 nm, a low-speed photodiode (PD) with several GHz bandwidth, and a signal processor. We scan the center wavelength of the tunable OBPF with the wavelength resolution to traverse the C-band and then record the corresponding optical power measurements. In the signal processor, the GPR is employed to realize in-band OSNR monitoring in conjunction with optical power measurements. We experimentally demonstrate that the method can achieve highly accurate OSNR monitoring without any calibration and tolerate fiber nonlinearity, chromatic dispersion, and optical amplifier type. Moreover, the transmission information is not necessary for our method.
Operating Principle

Gaussian Process Regression Inference
Supervised learning problems can be categorized into two main types: classification and regression. Since the outputs of the classification are discrete labels, regression involves the prediction of quantities. The Gaussian process (GP) is defined as a collection of random variables, any finite subset of which has a joint Gaussian distribution [24] . A GP is entirely characterized by a mean function m(x) and co-variance function k(x, x ).
For notational simplicity, the mean function m(x) is assumed to be zero without loss of generally. Notice that the co-variance function k(x, x ) will be modeled by a function called kernel function.
Thus a GP can be written as:
In this case, the function f (x) is the random variables representing the value of training points at x.
Suppose that we have a training data set, T . Besides, we define X T , and Y T as matrix forms for test data in the same way as the training data. In the GPR, it is assumed that each observation is generated from f (x) and an additive Gaussian noise ε such that
2 ) is a zero mean Gaussian random variable with variance σ 2 . Consequently, the prior distribution Y B is described as:
where K B is the symmetry positive definite co-variance matrix of the training data, and I is the B × B identity matrix. The joint prior distribution of observations Y B and predictive value Y * is:
where K T is the symmetry positive definite co-variance matrix of the test data, and co-variance matrix
consists of co-variance between all pairs of training and test data. The posterior distribution of predictive value Y * given Y B , X B and X T :
In order to minimize the mean squared error (MSE), the best estimation Y * will be the mean of the above normal distribution.
From the above equations, we can see that the most crucial aspect of the GPR is co-variance (kernel) function, which compromises our knowledge about the relationship between the input and the output. The kernel function we used in this paper is the exponential function:
where the two hyper-parameters σ 2 f and l are called signal variance and length scale, respectively. 
OSNR Monitoring Principle
The working principle of the proposed in-band OSNR monitor that can be placed ubiquitously across the transmission link including the intermediate nodes is schematically shown in Fig. 1 . It consists of a widely tunable OBPF, a low-speed photodiode, and a signal processor. First, an incoming optical signal tapped from the transmission link is filtered by the widely tunable OBPF. The baud rate and the modulation format of incoming optical signal can be various. As shown in Fig. 2 , we scan the center wavelength of the tunable OBPF with wavelength resolution (λ r ) to traverse the C-band and then record the filtered optical power measurements. When the center wavelengths of the tunable OBPF are consistent, the corresponding optical power measurements will be unique and distinctive for different OSNRs. Finally, in the signal processor, the optical power measurements are directly used as the input features of GPR. When there are no add-drop filters or wavelength selective switches at the intermediate nodes and the channel spacing is λ, the number N of input optical power measurements is filtered as λ/λ r for the OSNR estimation of the monitoring channel, which is equivalent to taking out the optical power measurements in the monitoring channel. Besides, the launch power and the distance of the signal transmitted over at the monitoring node can also be considered alternative parameters as the input features of GPR. In this case, the architecture of the signal processor is shown in Fig. 3(a) . On the other hand, when there exist the above optical filtering elements at the intermediate nodes and channel spacing is λ, the number N of input filtered optical power measurements depends on the center wavelength of the tunable OBPF corresponding to the minimum value of optical power measurements (λ m ) and the center wavelength of the monitoring channel (λ i ), i.e., N = 2|λ i − λ m |/λ r . Besides, the launch power, the distance of the signal transmitted over at the monitoring node, and the number of the above optical filtering elements can also be considered as the input features. Furthermore, non-rectangular filter shapes of the above optical filtering elements will lead to optical signal distortion and worsen the difference in input features between the adjacent OSNRs. Thus, unsupervised principal component analysis (PCA) can be considered for feature extracting and dimensionality reduction. In this paper, we utilize PCA to eliminate the interaction between the original input features caused by the non-rectangular filtering effect, then reduce the dimensions of input features to specified dimensions. Based on the extracted feature vectors GPR is employed for OSNR monitoring. In this case, the architecture of the signal processor is shown in Fig. 3(b) . The training data set consists of training examples pairs, each containing an input feature vector and a scalar indicating the OSNR value. The task of the signal processor is to learn a continuous mapping function between the input features and the OSNR in the training phase and predict the correct OSNR in the test phase.
Experimental Setup
The experimental setup for the demonstration of the proposed monitoring method is shown in Fig. 4 . Because of the limited experimental condition, we only carry out an experimental verification for 10 Gbaud NRZ-QPSK signal. At the transmitter, there are nine channels with channel spacing 50 GHz (0.4 nm) and the center channel is under monitoring. Nine continuous-wave (CW) lights with 100-kHz-linewidth are combined by a multiplexer and then modulated by an IQ modulator, which is driven by two uncorrelated 10 Gb/s pseudo-random bit sequences (PRBSs) with the length of 2 9 − 1 produced by the arbitrary waveform generator (Tektronix AWG7122B) to produce 10 Gbaud NRZ-QPSK signal. The signal is then amplified by an erbium-doped fiber amplifier (EDFA) and launched. As shown in Fig. 4 , the transmission link can be divided into three scenarios. For the first scenario, the transmission link whose loss is compensated by Raman amplifiers as drawn in Fig. 4(a) contains several (from 6-24) spans of 80 km SSMF. In the Raman amplification scenario, the launch power and the distance of the signal transmitted over at the monitoring node are changed to form different system conditions. For the second scenario, the transmission link whose loss is compensated by an EDFA as drawn in the green dotted frame marked (4) of Fig. 4(b) contains a span of 100 km SSMF. In the EDFA amplification scenario, the launch power is only changed to form different system conditions. For the last scenario, the transmission link contains a Finisar WaveShaper 4000 s tunable filter loaded with a super-Gaussian shape having 3 dB bandwidth of 50 GHz as drawn in the black, red, and blue dotted frame marked (1), (2) , and (3) of Fig. 4(b) , respectively. The EDFA adequately compensates the total loss. In the presence of the above WaveShaper, the distance of the signal transmitted over at the monitoring node is only changed to form different system conditions. At the monitoring node, an ASE noise source (EXFO FLS-2300B) is loaded to adjust the OSNRs of the signal in steps of ∼1 dB, whose output optical power is controlled by a variable optical attenuator (VOA). The noisy signal is then sent into both the proposed monitor and an optical spectrum analyzer (OSA), for comparison. The OSA is used to measure the reference OSNR by the signal On/Off method. The proposed monitor contains a commercially available widely tunable OBPF with a super-Gaussian shape having 3 dB bandwidth of 0.2 nm and a wavelength resolution of 0.02 nm. We scan the center wavelength of the tunable OBPF with the wavelength resolution to traverse the C-band and then record the corresponding optical power measurements using a low-speed PD (several GHz). In different scenarios, we will select various input features from these optical power measurements fed into the signal processor according to Section 2. We collect 5 sets of independent optical power measurements with the same reference OSNR for each system condition in each scenario. Thus, we generate a large data set. The chunks of continuous data set are divided into training and testing data sets by randomly selecting 70% and 30% of the overall data set. In our work, the kernel function of the GPR is the exponential function, and the training phase is implemented using the matlab R2017a regression learner toolbox. 
Results Analysis
The performance of the proposed monitoring method is firstly demonstrated by the Raman amplification scenario. In order to ensure a wide OSNR range of the signal over long-haul transmission and demonstrate the robustness of the proposed monitoring method to fiber nonlinearities, our system conditions are shown in Table 1 .
In the Raman amplification scenario, we generate an extensive data set encompassing 615 groups of optical power measurements along the C-band. When we take out the optical power measurements in the monitoring channel, the number N of input filtered optical power measurements is up to 0.4 nm/0.02 nm (i.e., N ≤ 20) for the OSNR estimation of the monitoring channel. In the following part of the paper, we will call the transmission distance as D , the launch power as P , and the overall optical power measurements as L 10 + R 10 in symmetrical form. In [16] , the offset frequencies are desirable to set closer to the edge of the signal spectrum. So we consider whether we can drop the data of the optical power measurements near the center of the monitoring channel. Thereupon, we will reduce the median of optical power measurements in turn, and then call them as L 9 + R 9, . . . , L 1 + R 1, respectively, where Ln and Rn represent the left n and the right n of the 20 optical power measurements away from the center wavelength of the monitoring channel. When we use such optical power measurements, P and D together as the input features of GPR, there are experimental results as shown in Fig. 5(a) .
It is evident that the OSNR monitoring performance is optimum when we only select the most edge optical power measurements and is worst when we select the optical power measurements on the entire monitoring channel. These results confirm that our conjecture is consistent with [16] . As shown in Fig. 5 , the maximum OSNR deviation, the root mean squared error (RMSE), and the mean absolute error (MAE) are below 0.13 dB, 0.026 dB and 0.015 dB, respectively, in the OSNR range of 1-25 dB when the OSNR monitoring performance is optimum, which indicates that the proposed method can work properly in the presence of fiber nonlinearity and chromatic dispersion.
On the other hand, the optical power measurements near the center wavelength of the monitoring channel already contain certain power information, which we utilize the following 2 cases to verify. First, we consider just using the above optical power measurements as the input features of GPR. There are experimental results, as shown in Fig. 6(a) . For comparison, we will reserve 2 optical power measurements at the center wavelength of the monitoring channel and call them as M2. The combination of the newly obtained optical power measurements is then taken as the input features of GPR. There are experimental results, as shown in Fig. 6(b) . It is clear that the OSNR monitoring performance is improved by adding M 2 to the original input features. Therefore, for an actual transmission scenario, if system conditions are unknown at the monitoring node and there are no add-drop filters or wavelength selective switches at the intermediate nodes, it is optimum to take out the overall optical power measurements on the entire monitoring channel as the input features of GPR.
The performance of the proposed monitoring method is then demonstrated by the EDFA amplification scenario. For the same purpose, our system conditions are shown in Table 2 .
In the EDFA amplification scenario, we generate an extensive data set encompassing 420 groups of optical power measurements along the C-band. The number N of input filtered optical power measurements is still up to 20 for the OSNR estimation of the monitoring channel. When we use such optical power measurements and P together as the input features of GPR, there are experimental results as shown in Fig. 7(a) .
The experimental results of the EDFA amplification scenario are similar to those of the Raman amplification scenario. As shown in Fig. 7 , the maximum OSNR deviation, the RMSE, and the MAE are below 0.42 dB, 0.08 dB, and 0.041 dB, respectively, in the OSNR range of 2-29 dB when the OSNR monitoring performance is optimum. In comparison with the Raman amplification scenario, the OSNR monitoring performance is degraded when the input features of these two scenarios are consistent. This is mainly because the OSNR monitoring range has become larger.
Due to the similarity of experimental results in the above two scenarios, we consider whether the proposed monitoring method is robust to the optical amplifier type. Thereupon, we mix the data from the above two scenarios. That is a new data set encompassing 1035 groups of optical power measurements along the C-band. There are experimental results, as shown in Fig. 8(a) .
The experimental results of the scenario where the optical amplifier type is not distinguished are similar to those of the Raman amplification scenario and the EDFA amplification scenario. As shown in Fig. 8 , the maximum OSNR deviation, the RMSE, and the MAE are below 0.21 dB, 0.041 dB, and 0.021 dB, respectively, in the OSNR range of 1-29 dB when the OSNR monitoring performance is optimum, which indicates that the proposed method is robust to the optical amplifier type. In comparison with the EDFA amplification scenario, the OSNR monitoring performance is improved. This is mainly because the data sets for training and testing have been expanded. In comparison with the Raman amplification scenario, the OSNR monitoring performance is degraded. This is also mainly because the OSNR monitoring range has become larger. The above experimental results also illustrate from the side that there is no essential difference between the EDFA amplification scenario and the Raman amplification scenario in our method.
When we only use the above optical power measurements as the input features of GPR and then reserve 2 optical power measurements at the center wavelength of the monitoring channel, the experimental results shown in Fig. 9 are similar to those of the Raman amplification scenario.
From the scenarios discussed above, it can be seen that the proposed monitoring method is robust to fiber nonlinearity, chromatic dispersion and optical amplifier type and the proposed monitor can be placed ubiquitously across the transmission link. Even better, the proposed monitoring method can be utilized without knowing system conditions.
The performance of the proposed monitoring method is finally demonstrated by the scenario where there exist add-drop filters or wavelength selective switches in the transmission link. Thereupon, we add the WaveShaper described in Section 3 to the transmission link. The specific system conditions are shown in Table 3 . In this scenario, we generate an extensive data set encompassing 420 groups of optical power measurements along the C-band. The number N of input filtered optical power measurements is up to 26. The increase N is due to the introduction of the above WaveShaper, which leads to widening the interval between λ m and λ i . When we use such optical power measurements and D together as the input features of GPR, there are experimental results, as shown in Fig. 10 , where Ln and Rn represent the left n th and right n th of the 26 optical power measurements away from the center wavelength of the monitoring channel.
The experimental results of the scenario where there exists the above WaveShaper in the transmission link are different from those of the above scenarios. The most edge optical power measurements will no longer be the optimum input features. This is mainly due to the introduction of the above WaveShaper will worsen the difference between optical power measurements and the difference in input features between the adjacent OSNRs. Thereupon, we consider introducing PCA before GPR to achieve feature extracting and dimensionality reduction. Specifically, we utilize PCA to eliminate the interaction between optical power measurements caused by the non-ideal filtering effect, then reduce the dimensions of input features to 2 dimensions, where the OSNR monitoring performance is optimum. There are experimental results, as shown in Fig. 11(a) . In contrast with the case where PCA is not introduced, the OSNR monitoring performance is improved. It can be seen that the OSNR monitoring performance is optimum when we select L5, R 5, and D as the input features. However, when we utilize the above WaveShaper loaded with various cascaded filter waveforms, this may not be the optimum choice. On the other hand, when we select the whole filtered optical power measurements and D as the input features, the OSNR monitoring performance is almost no degradation. Therefore, when there is the concatenation of add-drop filters or wavelength selective switches in the transmission link, the number N of input filtered optical power measurements is selected as 2|λ i − λ m |/λ r , as far as possible. As shown in Fig. 11 , the maximum OSNR deviation, the RMSE, and the MAE are below 0.24 dB, 0.041 dB, and 0.021 dB, respectively, in the OSNR range of 4-31 dB when we take out the whole optical power measurements as the input features of GPR according to the above principle, which indicates that the proposed method can work properly in the presence of filtering effect.
When we only use the above optical power measurements as the input features of GPR and then reserve 2 optical power measurements at the center wavelength of the monitoring channel, the experimental results shown in Fig. 12 are similar to those of the Raman amplification scenario. Thus, there is a consistent conclusion that system conditions are not necessary in this scenario.
Conclusion
In this paper, a cost-effective and distributed in-band OSNR monitoring method is proposed and experimentally demonstrated in the fiber optical coherent transmission system. By using widely tunable OBPF and optical power measurements, the proposed GPR enabled OSNR monitoring method is highly accurate. Experimental results show that in a 9 × 10 Gbaud NRZ-QPSK signals system with 50 GHz grid, the maximum OSNR deviation, the RMSE, and the MAE are below 0.21 dB, 0.041 dB, and 0.021 dB, respectively, in the OSNR range of 1-29 dB when there are no add-drop filters or wavelength selective switches at the intermediate nodes. On the other hand, when there exist the above optical filtering elements in the transmission link, the maximum OSNR deviation, the RMSE, and the MAE are below 0.24 dB, 0.041 dB, and 0.021 dB, respectively, in the OSNR range of 4-31 dB. Moreover, experimental results also show that the method is robust to fiber nonlinearity, chromatic dispersion, and optical amplifier type. Even better, our method does not require any calibration and can be utilized without any prior knowledge about system conditions.
